Aim To assess M1/M2 macrophage phenotypes in a coronal pulp regeneration model in rats, under the hypothesis that there are dynamic M1/M2 phenotype changes during the different stages of the pulp regeneration. Methodology The maxillary first molars of Wistar rats were pulpotomized, and biodegradable hydrogelmade scaffolds carrying rat bone marrow mesenchymal stem cells were implanted in the pulp chamber. After 3, 7 and 14 days, samples were processed for (i) histological analysis and double immunoperoxidase staining for CD68 (a general macrophage marker) and one of either CCR7 (an M1 marker), CD163 (an M2 marker) or CD206 (an M2 marker); (ii) real-time PCR for AIF1 (an M1 marker), CD163, CD206, IL-10 and TNF-a mRNA expression; and (iii) Western blotting for the detection of CD68, CCR7 and CD206 proteins. Results Histological analysis of the implanted region revealed sparse cellular distribution at 3 days, pulp-like tissue with a thin dentine bridge-like structure at 7 days, and dentine bridge-like mineralized tissue formation and resorption of most scaffolds at 14 days. CCR7+ macrophages had the highest density at 3 days, and then significantly decreased until 14 days (P < 0.05). In contrast, M2 marker (CD163 or CD206) expressing macrophages had the lowest density at 3 days and significantly increased until 14 days (P < 0.05). AIF1 and TNF-a mRNA levels, and CD68 and CCR7 protein levels were highest at 3 days. CD163 and CD206 mRNA levels, and CD206 protein levels increased with time and showed the highest at 14 days. IL-10 mRNA was highest at 3 days, decreased at 7 days and increased at 14 days. Conclusions Macrophages in the regenerating pulp tissue underwent a distinct transition from M1-dominant to M2-dominant, suggesting that the M1-to-M2 transition of macrophages plays an important role in creating a favourable microenvironment necessary for pulp tissue regeneration.
Introduction
The dental pulp is a connective tissue that is encased in dentine, contains highly specialized mineralized tissue-forming cells, that is odontoblasts (N€ or 2006) and plays a crucial role in the maintenance of tooth homeostasis (Tatullo et al. 2015) . Thus, the conservation of pulp tissue is considered critical for tooth longevity and attempts to regenerate irreversibly inflamed or necrotic pulp tissue have shown promising results (Caplan et al. 2005 , Nakashima & Iohara 2014 .
Macrophages are known to exhibit critical regulatory activity during tissue repair and may play an important role in tissue regeneration (Chazaud 2014) . These cells display remarkable plasticity and can change their physiology in response to environmental cues, which can give rise to different populations of cells with distinct functions (Mosser & Edwards 2008 ). There are two major types of activated macrophages, classically activated (M1) macrophages and alternatively activated (M2) macrophages (Mosser & Edwards 2008) . M1 macrophages clear debris, secrete cytokines, such as interleukin-6 (IL-6), and exert proinflammatory and/or microbicidal functions through the Th-1 type cell-mediated immune response (Murray & Wynn 2011) . However, excessive or prolonged M1 polarization leads to tissue injury and contributes to pathogenesis (Murray & Wynn 2011) . Conversely, M2 macrophages suppress the inflammatory response by producing anti-inflammatory mediators and play a major role in tissue remodelling and wound repair (Gordon 2003 , Murray & Wynn 2011 . It has been reported that the M1-to-M2 shift in the macrophage phenotype is accompanied by increased interleukin-10 (IL-10), vascular endothelial growth factor and transforming growth factor-b1 (TGF-b1), but reduced IL-6, IL-1b and tumour necrosis factor-a (TNF-a) (Sunderkotter et al. 1994 , Rao 2010 , Deng et al. 2012 , Rostoker et al. 2013 , Shapouri-Moghaddam et al. 2018 . Phenotypic markers of polarized macrophages, especially in humans and mice, have been extensively studied. For example, in human tumour-associated macrophages, CCR7 is almost exclusively expressed in M1 macrophages, and Th1 cytokines (IL-1, IL-6, TNF-a and IL-23) are upregulated in M1 macrophages. In contrast, CD206 and CD163 are highly expressed in M2 macrophage subtypes, and a Th2 cytokine IL-10 is upregulated in M2 macrophages (Yuan et al. 2015) .
Two types of dental mesenchymal stem cells (MSC) are often used to engineer dental pulp tissue: dental pulp stem cells (DPSC) from the pulp of permanent teeth (Gronthos et al. 2000) and stem cells of human exfoliated primary teeth (SHEDs) (Miura et al. 2003 , Kerkis et al. 2006 . SHEDs are a population of highly proliferative clonogenic cells differentiating into various cell types including neural cells, adipocytes and odontoblasts. SHEDs express two MSC markers, STRO-1 and CD146, and show higher proliferation rates than DPSCs (Miura et al. 2003) . When transplanted in a scaffold placed in the canal space of a human tooth slice (tooth slice/scaffolds) in vitro, these cells generate a pulp-like tissue with functional odontoblasts (Demarco et al. 2010) , vascular endothelial cells (Sakai et al. 2010 ) and macrophages (Nakashima et al. 2013) .
In the in vitro-engineered dental pulp tissue using the tooth slice/scaffolds/SHEDs system, there exist two types of CD68+ macrophages: large, often multinuclear, phagocytic cells predominantly existing in scaffold-remaining areas, and mononuclear cells seen in the area where most of the scaffold had been absorbed (Kaneko et al. 2012) . These findings suggest that macrophages that differ in their differentiation/ activation status and function are generated according to microenvironmental differences such as the state of PLLA scaffold absorption.
To establish a model suitable for elucidating the cellular and molecular mechanisms of dental pulp tissue regeneration, an in vivo coronal pulp regeneration model has been established, where biodegradable hydrogel-made scaffolds carrying rat bone marrow MSCs are implanted in the coronal pulp chamber of pulpotomized rat molars . MSCs from bone marrow were used, as they constitute a favourable cellular source for use in tissue engineering (Morsczeck et al. 2008) . This model revealed complete regeneration/healing of pulp tissue with dentine bridge formation ) and thus appears to be useful for studying the kinetics of various cellular and molecular components during dental pulp tissue regeneration and may contribute to the development of therapeutic approaches.
Using this model, it has also been demonstrated that newly recruited CD68+ macrophages are increased during the early stage of regeneration, and the density of CD68+ cells in the regenerated pulp-like tissue is decreased and similar to that in normal dental pulp . However, the spectrum of macrophage phenotypes during the regeneration process of the dental pulp after the implantation of MSCs remains unclear. Elucidation of the phenotypic regulation of macrophages during the pulp tissue regeneration may provide important insights into the mechanisms of the regeneration process. Thus, the present study was designed to assess macrophage phenotypes in the rat coronal pulp regeneration model. In particular, there was a focus on M1/M2 macrophage polarization, under the hypothesis that there are dynamic M1/M2 phenotype changes during the different stages of the coronal pulp regeneration model.
Materials and methods
All experiments were conducted under the approval of the Animal Care Committee, Tokyo Medical and Dental University, A2017-009A, and Niigata University, 27-275-6.
Sample preparation
Five-week-old female Wistar rats (total 68 rats: n = 36, 16 and 16 for histology and immunohistochemistry, quantitative real-time PCR and Western blot, respectively) were used. Sample preparation was performed according to a previously established protocol , Kaneko et al. 2018 ; Kobayashi Kako, Tokyo, Japan). (Kaneko et al. 2018) . The rats were anaesthetized with 8% chloral hydrate (350 mg kg À1 , intraperitoneally). A total of 42 rats were divided into three groups according to the observation period (3, 7 and 14 days, n = 14 rats for each time-point, one tooth per rat). The maxillary molars and gingival tissue were disinfected with 2.5% sodium hypochlorite. A local anaesthetic (2% lidocaine with 1 : 80 000 epinephrine; Astra Pharmaceutical Products, Westborough, MA, USA; 0.3 mL) was injected into the gingival tissue surrounding the first molar using a 1-mL syringe with a 30-gauge ultra-fine needle (BD Biosciences, Franklin Lakes, NJ, USA). Subsequently, the dental pulp of the maxillary first molar was exposed and pulpotomized using a No. 1/2 round bur. The chamber was rinsed with 1.5% sodium hypochlorite followed by 15% EDTA. Then, the RBMMSC/PLLA/Matrigel constructs were implanted into the cavity. The cavity was sealed with MTA (ProRoot MTA; Dentsply Sirona, York, PA, USA). Then, a dentine and enamel-bonding agent (Clearfil Tri-S Bond ND; Kuraray Medical, Tokyo, Japan) was applied to the tooth according to the manufacturer's protocol. The occlusal cavity was covered with an adhesive restorative material (flowable resin composite; Beautifil Flow; Shofu, Kyoto, Japan). Teeth in which constructs without cells were implanted (n = 4 rats for histology for each time-point and normal teeth from rats treated with antibiotics and immunosuppressants (n = 6, 4 and 4 rats for immunohistochemistry, quantitative real-time PCR and Western blot, respectively) served as controls.
For immunohistochemistry, the animals (n = 6 rats for each time-point) were sacrificed by transcardiac perfusion with 3% paraformaldehyde and 0.2% glutaraldehyde. The maxillary first molars were retrieved and soaked in 3% paraformaldehyde. After demineralization with 10% sterilized EDTA at 4°C, the teeth were embedded in embedding medium (Tissue-Tek OCT; Agar Scientific, Saclay, France) and cut into 6-lm-thick serial frozen sections for immunohistochemistry.
For quantitative real-time PCR analysis, the animals (n = 4 rats for each time-point) were sacrificed by transcardiac perfusion with 3% paraformaldehyde and 0.2% glutaraldehyde. Maxillary left first molars (n = 4 teeth in each group) were retrieved and demineralized with a mixture of 10% EDTA and storage medium (RNAlater; Thermo Fisher Scientific, Waltham, MA, USA). The samples were cut into 10-lm-thick sections and mounted on glass slides with PEN foil membrane for laser capture microdissection (LCM; Leica Microsystems, Wetzlar, Germany). For quantitative real-time PCR, 10 serial sections selected at two-section intervals were used for each specimen. Then, the coronal pulp area was retrieved from the glass slides using a microsurgery knife under a stereomicroscope for quantitative real-time PCR.
For Western blot analysis, rats (n = 4 rats for each time-point) were sacrificed by intraperitoneal injection of an overdose of 8% chloral hydrate. The maxillary left first molars were retrieved and demineralized with a mixture of 10% EDTA and storage medium (RNAlater; Thermo Fisher Scientific). Frozen samples were cut into 30-lm sections and mounted on glass slides for LCM to retrieve the coronal pulp area. Four serial sections with the implanted region were selected and used for Western blot analysis.
In teeth in which constructs without cells were implanted, immunohistochemistry, quantitative realtime PCR and Western blot analysis were not performed as the pulp was very poorly regenerated.
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Double-labelling immunohistochemistry
Prior to incubation with antibodies, sections were reacted with 3% hydrogen peroxide in phosphate-buffered saline (PBS) for 15 min at 4°C to block endogenous peroxidase activity. Sections were then incubated with a primary monoclonal antibody against CD68 (1 : 400; Bio-Rad, Hercules, CA, USA) for 40 min at room temperature. After washing with PBS, the sections were sequentially reacted with biotinylated horse anti-mouse IgG (rat adsorbed, 1 : 100; Vector Laboratories, Burlingame, CA, USA; 40 min at room temperature) and advin-biotin-peroxidase complex (Elite ABC kit; Vector Laboratories; 30 min at room temperature). The sections were then developed with NovaRED (Novared peroxidase substrate kit; Vector).
For secondary staining, the stained sections were further incubated sequentially with a rabbit anti-CCR7 monoclonal antibody (an M1 macrophage marker (Li et al. 2016) ; 1 : 500; Abcam, Cambridge, UK), a mouse anti-rat CD163 monoclonal antibody (an M2 macrophage marker (Lau et al. 2004) ; 1 : 100; BioRad), or a rabbit anti-mannose receptor (CD206) polyclonal antibody (an M2 macrophage marker (Choi et al. 2010) ; 1 : 100; Abcam) for 40 min at room temperature. After washing with PBS, the sections were reacted with biotinylated goat anti-rabbit immunoglobulin G (1 : 100; Vector) or biotinylated horse anti-mouse IgG for 40 min at room temperature, and avidin-biotin-peroxidase complex for 30 min at room temperature. The sections were then developed with DAB (DAB peroxidase substrate kit; Vector).
For quantitative analysis, three sections were chosen from each specimen (n = 6 for each time-point). Then, stained cells within the implantation area were differentially enumerated under a light microscope with a 409 objective lens (Nikon, Tokyo, Japan). To calculate the density of stained cells, digital pictures of the sections were taken, and stored as jpeg files. Then, the area corresponding to the implantation region in each specimen was determined using Image J software (Version 1.37v; NIH, Bethesda, MD, USA). Results were expressed as the mean count of cells per 300 9 200 lm 2 area.
Real-time PCR
Total RNA was extracted and purified from the samples (n = 4 for each time-point) as previously described (Kaneko et al. 2007 (Kaneko et al. , 2009 ). First-strand complementary DNA (cDNA) synthesis was conducted with TaqMan reverse transcription reagents (Applied Biosystems, Carlsbad, CA, USA). Probe and primer sets of TaqMan Gene Expression Assays (Rn00574125_g1; AIF1 (Iba1), Rn01492519_m1; CD163, Rn01487342_m1; CD206 (mannose receptor, C type 1), Rn01483988_g1; IL-10, Rn99999017_m1; TNF-a, Rn99999916_s1; glyceraldehyde 3-phosphate dehydrogenase (GAPDH)) were obtained from Applied Biosystems. Total RNA at 0.01 lg/20 lL of the reaction mixture was prepared by TaqMan Universal PCR Master Mix (Applied Biosystems). The reactions were conducted in a 48-well clear optical reaction plate using the StepOne Sequence Detection System (Applied Biosystems), and the data were normalized against the data from GAPDH controls.
Western blot analysis
Retrieved pulp samples (n = 4 for each time-point) were resolved by polyacrylamide gel electrophoresis, and membranes were probed overnight at 4°C with anti-CD68 (Bio-Rad), anti-CCR7 (Abcam), anti-CD206 (Abcam) or anti-GAPDH (GeneTex, Irvine, CA, USA) primary antibodies. Blots were exposed to appropriate peroxidase-coupled secondary antibodies, and proteins were visualized with enhanced chemiluminescence (GE Healthcare Life Sciences, Pittsburgh, PA, USA). Levels of protein expression were compared following normalization against GAPDH expression.
Statistical analysis
Statistical analysis for intergroup comparison was performed by the Kruskal-Wallis nonparametric analysis of variance test, followed by the Mann-Whitney Utest with the Bonferroni correction. Intragroup comparison was made using Wilcoxon signed-rank test. The level of significance was set at P < 0.05.
Results

Histological findings
At 3 days after implantation, cells were located mainly along the PLLA scaffolds and dentine bridge formation was not observed (Fig. 1a,e) . At 7 days, regeneration of pulp-like tissue was evident in the implanted region with formation of thin dentine bridge-like structures (Fig. 1b,f) . At 14 days, the pulplike tissue regeneration progressed further with dentine bridge-like mineralized tissue formation and resorption of most PLLA scaffolds (Fig. 1c,g ).
In contrast, teeth implanted with acellular scaffolds showed poor tissue regeneration in the implanted area, and at 7 and 14 days, incomplete hard tissue formation at the border between the implanted area and the remaining pulp (Fig. 2) .
Immunohistochemistry demonstrated the presence of CD68-, CCR7-, CD163-and CD206-expressing cells at all the experimental periods (Figs 3 and 4) . CD68+CCR7+, CD68+CCR7À, CD68+CD163+, CD68+CD163À, CD68+CD206+, and CD68+CD206À macrophages were identified in the implanted region of all the experimental groups. The CD68 antibody caused a patchy, granular intracytoplasmic staining pattern, and the stained cells were identified as macrophages. CCR7, CD163 and CD206 caused cytoplasmic membrane and cytoplasmic staining and were also reactive with macrophages.
Time-course changes of M1 macrophages after implantation with MSCs
Double-positive cells with CD68 (red staining) and CCR7 (brown staining) in the implanted region were detected in all the experimental groups (Fig. 3) . CD68+CCR7+ cells showed the highest density at 3 days, and then significantly decreased until 14 days (P < 0.05; Fig. 3 ). In contrast, CD68+CCR7À macrophages showed the lowest density at 3 days, and significantly increased until 14 days (P < 0.05; Fig. 3) . Notably, at 14 days, each density of CD68+CCR7+ macrophages and CD68+CCR7À macrophages was not significantly different from the density of corresponding cells in normal pulp tissue (P > 0.05; Fig. 3g-i) . 
Time-course changes of M2 macrophages after implantation with MSCs
CD68-expressing cells (red staining) coexpressing CD163 (brown staining) or CD206 (brown staining) were detected in the implanted region in all the experimental groups (Fig. 4) . The double-positive cells showed the lowest density at 3 days, and then significantly increased until 14 days (P < 0.05; Fig. 4) . At 14 days, the density of the double-positive cells was not significantly different from the density of corresponding cells in normal pulp tissue (P > 0.05; Fig. 4g ,h,k-n).
Time-course changes of expression of M1-and M2-associated proteins and genes after implantation with MSCs
Gene expression levels in the implanted region of AIF1, an M1 marker, and TNF-a, a proinflammatory cytokine, were significantly highest at 3 days, and decreased until 14 days (Fig. 5a,b) . Gene expression levels of CD163 and CD206, M2 markers, in the implanted region were lowest at 3 days, and increased thereafter (Fig. 5c,d) . At 14 days, the expression levels of CD163 and CD206 mRNA were highest, compared with those of the other experimental periods, and showed no significant differences compared with normal dental pulp (Fig. 5b,c) . mRNA expression of IL-10, an anti-inflammatory cytokine, was highest at 3 days, decreased at 7 days, then increased at 14 days and showed no significant difference as compared with the level of the normal pulp (Fig. 5e ). CD68 protein showed the highest expression at 3 days and gradually decreased at 14 days (Fig. 5f ). CCR7 protein was detected only at 3 days. In contrast, CD206 protein expression was increased at 14 days and showed no difference compared with the normal pulp (Fig. 5f ).
Discussion
The present study focused on macrophage M1/M2 polarization during coronal pulp tissue regeneration in rat molars induced according to a previously established protocol . The results demonstrated, for the first time, a transition from M1-dominant to M2-dominant macrophages during the progression of pulp tissue regeneration. These findings suggest that macrophages, most of which may be recruited to the implanted region, undergo a switch from 'classical' phagocytes to 'pro-reparative' macrophages. The transition of macrophage phenotypes from M1-to M2-dominant appears to be a similar process to wound healing, where M1 macrophages dominate at early stages after the injury, while M2 macrophages, although present at the initial stages, dominate during the later stages (Arnold et al. 2007 , Troidl et al. 2013 .
Dental pulp tissue is normally equipped with a considerable number of immune cells, such as macrophages, which are composed of heterogeneous populations and play a role in homeostasis maintenance of Arrowheads indicate CD68+CCR7À macrophages. Arrows indicate CD68+CCR7+ macrophages. Scale bar: 20 lm. DB: dentine bridge-like structure. (i) Density of CD68/CCR7 macrophages (mean AE SEM) at 3, 7, and 14 days after implantation and in normal coronal pulp. *P < 0.05 (Mann-Whitney U-test and Bonferroni's correction) and
the dental pulp (Okiji et al. 1994) . In particular, macrophages expressing CD163 are the most predominant immunocompetent cell population (Okiji et al. 1992 , Jontell et al. 1998 . In the engineered pulp-like tissue at 2 weeks after MSC implantation, CD163+ cells were more highly expressed than CD68+ cells (m-n) Density of CD68/CD163 macrophages (m) or CD68/CD206 macrophages (n) (mean AE SEM) at 3, 7, and 14 days after implantation and in normal coronal pulp. *P < 0.05 (Mann-Whitney U-test and Bonferroni's correction) and # P < 0.05 (Wilcoxon signed-rank test).
and the density of CD163+ cells was similar to that in normal dental pulp. These findings may represent 'maturation' of the engineered tissue to the M2-dominant state, as in normal pulp tissue. CD68 is localized on the membranes of the phagolysosomal apparatus and used as a marker for monocytes/macrophages, and CD68 expression correlates with phagocytic capacity (Damoiseaux et al. 1994) . As CD68 staining was found on the intracytoplasmic lysosomal structures, the combined use of CD68 and one of the cell membrane marker antibodies (anti-CCR7, CD163 and CD206) facilitated the identification of macrophage subpopulations.
In the present analysis, CD68+CCR7+ cells were predominantly identified around the scaffolds at 3 days after implantation. Thus, it was assumed that in the early phase of the regeneration process, the majority of macrophages were composed of M1 macrophages, which primarily act as phagocytes that absorb the scaffolds. Furthermore, expression levels of AIF1 mRNA and CCR7 protein for M1 macrophage markers in the implanted region were highest at 3 days after implantation. In contrast, CD68+CD163+ and CD68+CD206+ cells were highly expressed in regenerated pulp-like tissue at 14 days after implantation. Furthermore, expression levels of mRNAs for M2 macrophage markers (CD163 and CD206) and CD206 protein in the implanted region were highest at 14 days after implantation. It is reasonable to speculate that most macrophages had differentiated into M2 macrophages by the time that regeneration was almost completed. M2 macrophages may play a role in homeostasis maintenance of the engineered tissue, as resident macrophages do in normal dental pulp (Luke et al. 2013) . The localization and phenotype of the resident macrophages were reported to change during rat tooth development (Miyauchi et al. 2010) , which indicates a regulatory function of resident macrophages in uninflamed dental pulp. A previous study has also shown that the immunoreactivity of macrophages appeared to change during the pulpal regeneration process in injured dental pulp (Nakakura-Ohshima et al. 2003) . Another study using a rat pulpotomized molar capped with MTA found that M2 macrophage-associated molecule-expressing cells had transiently accumulated beneath the degenerative layer under the MTA (Takei et al. 2014) . Taken together, considering the polarity and plasticity of macrophages, both M1 and M2 macrophages are expected to participate in the regeneration process.
Porous, preformed biodegradable PLLA scaffolds (Ifkovits & Burdick 2007) were chosen for the present study because PLLA is one of the products approved by the US Food and Drug Administration for human clinical applications. It can be assumed that the biodegradable PLLA scaffolds induced the infiltration of M1 macrophages in the early stages after implantation, because phagocytes, such as M1 macrophages, are primary responders to foreign materials at the site of injury (Ogle et al. 2016) . The response of M1 macrophages is a necessary event for wound healing (Gardner et al. 2013) . Together with the PLLA scaffolds, Matrigel was used as a hydrogel, which has been increasingly utilized in tissue engineering for its ease of tuning to specific applications, relative inertness in vivo, and compatibility for cell and biomolecule delivery (Ogle et al. 2016) . The implantation of the constructs could have certain effects on the switch from the M1-dominant to the M2-dominant state; however, further analysis is needed to elucidate the effects of biodegradable preformed scaffolds and hydrogel constructs on macrophage polarization.
In the present analysis, the mRNA expression of TNF-a and IL-10 was examined as representative cytokines associated with macrophage polarization and function (Jiang & Zhu 2016 , Atri et al. 2018 , Shapouri-Moghaddam et al. 2018 . TNF-a is a proinflammatory cytokine upregulated in M1 macrophages (Jiang & Zhu 2016 , Atri et al. 2018 , ShapouriMoghaddam et al. 2018 ) and known to play a central role in initiating the cascade of the inflammatory phase in wound healing, including induction of cytokine production, activation of adhesion molecules and stimulation of cell proliferation (Hehlgans & Pfeffer 2005 , Elsalhy et al. 2013 . The upregulation of TNFa mRNA at 3 days may support the notion that part of the roles played by M1 macrophages in the early phase of pulp tissue regeneration is associated with TNF-a-dependent mechanisms. In contrast, IL-10, an anti-inflammatory cytokine, is secreted by M2 macrophages and promotes healing and recovery (Cai et al. 2015) . IL-10 is also known to inhibit the production of pro-inflammatory cytokines such as TNF-a (Mosser & Edwards 2008) . Macrophages are stimulated to produce IL-10 by several endogenous factors such as TNF-a, and IL-10 itself (da Silva et al. 2015) . In the present analysis, upregulation of IL-10 mRNA was detected in the early stage of the pulp tissue regeneration, decreased at 7 days and again increased at 14 days to show a similar expression level to that in the normal pulp. The late increase in IL-10 might be associated with the transition of macrophage populations from M1-dominant to M2-dominant. The present results also suggest that the complex process of dental pulp regeneration involves upregulation of IL-10 in its early phase, which could be associated with dampening excessive action of proinflammatory cytokines such as TNF-a.
MSCs and macrophages may interact with each other during the regeneration process, although detailed features of the interaction remain unclear. When macrophages are cocultured with MSCs in vitro, macrophage polarization can regulate MSC differentiation (Gong et al. 2016) . Furthermore, M1 macrophages exert various effects on proliferation, differentiation and matrix production of MSCs, and activated macrophage subpopulations would most likely enhance stem cell behaviours and facilitate tissue regeneration (He et al. 2017) . For example, TNF-a produced by M1 macrophages is proven to accelerate the differentiation of dental pulp cells to an odontoblastic phenotype (Paula-Silva et al. 2009) . Another study has shown that the presence of scaffolds with autologous cells such as stem cells activates macrophages as M1-type, and that the activation is not observed in the state of acellular constructs (Brown et al. 2009) . In the present analysis, a switch from M1 to M2 macrophages was clearly detected with the progression of the pulp tissue regeneration. Taken together, these findings suggested that there must be interactions among M1 and M2 macrophages, and MSCs, although the details of the interactions currently remain unknown.
Conclusions
This study investigated the time-course changes of macrophages with M1/M2 phenotypes in a coronal pulp tissue-engineering model. During the process of Activated macrophages in pulp regeneration Gu et al.
the regeneration, macrophages in the regenerating tissue underwent a transition from M1-dominant to M2-dominant, and the density of M2 macrophages became similar to that in normal pulp tissue. These findings suggested that the M1-to-M2 transition of macrophages plays an important role in creating favourable microenvironment necessary for pulp tissue regeneration.
